Using x-ray submicrobeam, we spatially mapped the strain in epitaxial La 1Ϫx Sr x MnO 3 films grown on SrTiO 3 (001) bicrystal substrates. Our results show that there is an elastic strain gradient at the artificial grain boundary, which decays over a length scale of ϳ1 m. The tensile strain at the interior of the grain-due to the lattice mismatch between La 1Ϫx Sr x MnO 3 and SrTiO 3 -relaxes as the film nears the grain boundary, yielding a grain boundary lattice constant which approaches the value of that in bulk La 1Ϫx Sr x MnO 3 . © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1455609͔
The observation of negative magnetoresistance in the ferromagnetic phase of polycrystalline manganites 1-5 such as R 1Ϫx A x MnO 3 ͑RϭLa, Pr, Nd and AϭBa, Sr, Ca, Pb͒ has drawn much attention recently due to the potential applications for magnetic field sensors. The phenomenon, which is characterized by an initial peak and rapid drop in the resistance at low fields followed by a slower decrease at higher fields, has been attributed to spin-polarized intergrain tunneling. Although spin-polarized tunneling can qualitatively explain the low field behavior in the resistance, details such as the gradual decrease of the resistance at higher fields have suggested the existence of a magnetically or electronically distinct region at the grain boundary. 6, 7 In this work, we present a local mapping of the strain at the grain boundary of an epitaxial La 0.7 Sr 0.3 MnO 3 film grown on a bicrystal SrTiO 3 (001) substrate using x-ray microdiffraction. Our previous measurements on this film using magnetic force microscopy 8, 9 have elucidated the existence of magnetically distinct regions at the grain boundaries with Curie temperatures higher than that in the bulk of the film, 5 a phenomenon which we attributed to strain relaxation at grain boundaries. The current strain measurements by x-ray microdiffraction confirm that at the grain boundaries the strain relaxes, yielding a lattice constant different from the grain interior and accounting for the magnetic behavior observed by magnetic force microscopy.
Epitaxial La 1Ϫx Sr x MnO 3 films with xϭ0.23, 0.3 were grown by pulsed laser deposition on bicrystal SrTiO 3 (001) substrates with 45°misalignment. In this article, we use the pseudocubic notation to describe the crystal orientation of La 1Ϫx Sr x MnO 3 . On one side of the grain boundary the ͓100͔ axis is parallel to the grain boundary, whereas on the other side it is rotated by 45°with respect to the grain boundary around the surface normal. The growth procedure was similar to those reported previously where La 0.7 Ca 0.3 MnO 3 and La 0.7 Sr 0.3 MnO 3 films were grown on bicrystal SrTiO 3 (001) substrates for magnetotransport devices across artificial grain boundaries. 3 Due to the lattice mismatch between La 1Ϫx Sr x MnO 3 ͑aϭbϭcϭ3.88 Å for xϭ0.3͒ and the SrTiO 3 substrate (aϭbϭcϭ3.905 Å), these films are known to have a tensile strain, 10 resulting in a suppression of the Curie temperature compared to the bulk, 11, 12 and a magnetization vector lying in the plane of the film. 10 The degree of strain depends on the film thickness, where partial or complete relaxation of the strain can occur as the film thickness is increased. 13 X-ray diffraction measurements to determine the crystal orientation, lattice constant, and thickness of the films were conducted at beam line X16B at the National Synchrotron Light Source at Brookhaven National Laboratory. The scattering data were collected with 7.60 keV energy photons. A beam size of 0.2 mmϫ0.2 mm was selected so that the incident x rays were confined to one domain of the film during the diffraction measurements. To determine the crystal orientation, we searched for the (10L) and (11L) peaks of the films. On one side of the grain boundary ͑do-main A͒ the ͓100͔ axis is parallel to the grain boundary. On the other side ͑domain B͒ the ͓100͔ axis is rotated by 45°in the plane of the film. By comparing the crystal orientation information of the xϭ0.23 film with the magnetic domain images obtained previously on the same film, 8, 9 we infer that the magnetic domain walls occur along the ͗100͘ direction. The magnetic easy axes are deduced to be along the ͗100͘ direction 14 from the ripple structure inside the magnetic domains, which are believed to have a texture orthogonal to the average magnetization direction. 15 Figure 1 shows the (10L) rod profile for domain B for the xϭ0.3 film, which was obtained by varying the surface normal momentum transfer around the ͑101͒ substrate Bragg peak. The diffraction peak from the film is centered at L ϭ1.018 ͑Lϭ1 corresponding to the substrate peak͒. The average value of the surface normal lattice constant of the film obtained from various Bragg peaks is cϭ3.842Ϯ0.002 Å ͑1.0% smaller than cϭ3.88 Å of bulk La 0.7 Sr 0.3 MnO 3 ͒. The interference fringes in the diffraction data attest to the smoothness of the film and correspond to a film thickness of 1080Ϯ20 Å. The intensities for in-plane momentum transfer measurements are centered at Hϭ1 in the (H 0 1.018) scan and Kϭ0 in the (1 K 1.108) scan, which means that the in-plane lattice constants of the film are the same as for the substrate.
We next proceeded to investigate the crystal structure at the grain boundary for the xϭ0.3 film using a submicron x-ray beam. The x-ray microdiffraction measurements were conducted at beam line 2-ID-D of the Advanced Photon Source at Argonne National Laboratory. A schematic drawing of the experimental setup is shown in Fig. 2 , where a monochromatic 8 keV x-ray beam with a bandwidth of ⌬/ϭ2ϫ10
Ϫ4 was focused to a submicron spot size at the sample. The focusing element for the x-ray beam is a Fresnel zone plate made by Au electroplating, which is supported on a silicon nitride membrane. 16 The zone plate has a diameter of 150 m, a thickness of 0.85 m, and a focal length of 100 mm at 8 keV, which means an upper bound of 0.086°for the divergence of the incident beam. The focused beam has an elliptical shape with the minor axis in the vertical direction. We measured an upper bound of 0.35 m for the vertical width of the beam size at the sample location by detecting the K fluorescence of a Cr knife edge. The sample was mounted vertically on a sample stage with submicron translation control with the grain boundary running along the horizontal direction. This choice of the grain boundary orientation allows us a spatial resolution of 0.35 m for microdiffraction in the direction perpendicular to the grain boundary ͑which we call y͒.
Using the focused submicron x-ray beam we looked at the ͑002͒ diffraction peak for the substrate and the film. Even though the film was grown on a SrTiO 3 (001) substrate, where nominally only the in-plane axes of the two domains were supposed to be misaligned, our measurements show that there is a slight difference (⌬ϳ0.1°) in the orientation of the c axis between the two substrate domains and similarly between the two film domains on the opposite sides of the grain boundary. This slight difference in the tilt of the c axis is sufficient to enable us to locate the grain boundary by detecting the ͑002͒ substrate or film peak on either side of the grain boundary and seeing it disappear as the beam crosses to the other side of the grain boundary as the sample is scanned vertically along y. The location of the grain boundary is determined by the condition that the intensity of the ͑002͒ reflection drops halfway from its maximum value. The grain boundary location determined this way by the two substrate peaks and two film peaks are within 2 m of each other, the difference arising from the hysteresis of the translational motion of the stage.
In order to study the lattice constant of the film around the grain boundary, we did two-dimensional ( -2, y) scans for the substrate and film peaks for both domains. The results for domain A are displayed in Fig. 3 , with the -2 axis converted into a surface normal lattice constant. Similar results were obtained for domain B as well. The 2 value at the substrate peaks were used to calibrate the 2 angle of the goniometer from the known value of cϭ3.905 Å. The width of the substrate peak is determined by the resolution in 2, which was ϳ0.06°͑equivalent to 0.005 Å resolution in lattice constant͒ in our setup. The two-dimensional substrate peak scans ͓Fig. 3͑b͔͒ show that the substrate lattice constant is not spatially dependent. On the contrary, the same experiment on both film peaks ͑domain A and B͒ show a drastically different effect: the c lattice constant increases as we approach the grain boundary.
The tensile strain, which results in a reduced surface normal lattice constant of 3.845 Å at the grain interior from the bulk value of 3.88 Å, relaxes near the grain boundary. This results in an enhanced surface normal lattice constant of 3.865 Å ͑domain B͒ and 3.86 Å ͓domain A, Fig. 3͑a͔͒ compared to the grain interior for the two domains opposite to the grain boundary. The current results are in line with our previous magnetic force microscopy measurements which showed the existence of distinct mesoscopic regions at the grain boundaries with Curie temperatures higher than the grain interiors, 8, 9 a phenomenon which we attributed to strain relaxation at grain boundaries. The length scale over which the strain relaxes is ϳ1 m, similar to the length scale of the mesoscopic magnetism.
In summary, we have presented x-ray microdiffraction as a powerful tool to study lattice distortion effects at grain boundaries in manganite films. In particular, using this local probe we discovered local variation of strain by as much as 0.5% at the grain boundaries in epitaxially grown La 0.7 Sr 0.3 MnO 3 films. 
